The doping of semiconductor materials is a fundamental part of modern technology, but the classical approaches have in many cases reached their limits both in regard to achievable charge carrier density, as well as mobility. Modulation doping, a mechanism that exploits the energy band alignment at an interface between two materials to induce free charge carriers in one of them, has been shown to circumvent the mobility restriction. Due to an alignment of doping limits by intrinsic defects, however, the carrier density limit cannot be lifted using this approach. Here we present a novel doping strategy using defects in a wide band gap material to dope the surface of a second semiconductor layer of dissimilar nature. We show that by depositing an insulator on a semiconductor material, the conductivity of the layer stack can be increased by seven orders of magnitude, without the necessity of high temperature processes or epitaxial growth. This approach has the potential to circumvent limits to both carrier mobility and density, opening up new possibilities in semiconductor device fabrication, particularly for the emerging field of oxide thin film electronics.
Introduction
The controlled doping of semiconductors is a prerequisite for modern technology. The amount of charge carriers that can be introduced into the host material by conventional substitutional doping is known to be restricted by material-specific doping limits, which are caused by the formation of compensating defects due to the Fermi level dependent defect formation energies. [1, 2] Another drawback of the classical doping approach by elemental substitution is the congruent decrease of charge carrier mobility µ with increasing charge carrier density n, caused by ionized impurity scattering. [3] In the field of transparent oxide semiconductors, these physical limits have precluded a significant increase of achievable film conductivity for the past 25 years. [4, 5] By the invention of the modulation doping technique, in which the dopant impurities are spatially separated from the transport layer, it has become possible to circumvent the limitation of charge carrier mobility in highly doped semiconductors. This is achieved by forming an interface between one low doped and one highly doped semiconductor with different band gaps. [6, 7] Electrical transport parallel to that interface can then take place on the low doped side of the interface, mostly unaffected by Coulomb scattering with the charged dopant impurities that supply the free charge carriers. The conductive interface can be described in terms of a two-dimensional electron gas (2DEG). The effect was first demonstrated for GaAs/Ga1-xAlxAs interfaces by Störmer, Dingle et al. [8, 9] and led to the discovery of the fractional quantum Hall effect. [10] More recently, interface doping effects have also been reported for ZnO/ZnMnO, [11] and ZnO/ZnMgO [12] structures. While this 'conventional' modulation doping mechanism can alleviate the carrier mobility restriction in highly doped semiconductors, it cannot overcome the carrier density limit imposed by formation of compensating defects. This restriction is caused by the general use of two materials of similar chemical and lattice structure, such as GaAs and Ga1-xAlxAs or ZnO and ZnMnO, for the formation of the doped interface. It will be shown in this contribution that using two chemically and structurally dissimilar materials instead, a careful control of interface properties can be used to induce previously unattainable charge carrier densities in one of them. The classical doping limits can be circumvented by this approach if the formation of compensating defects in the doped material is kinetically suppressed. The proposed doping mechanism is referred to as defect modulation doping, and is expected to contribute to future development of microelectronic and optoelectronic devices. It offers a novel approach to increase the electrical conductivity of a thin film stack. This can be achieved by tailoring an interface between two materials, which do not have to be conducting on their own (interface engineering). In contrast to classical modulation doping approaches, the process conditions are compatible with large area applications and low cost processes. [13] Furthermore, the materials chosen in this study are transparent, offering a wide range of application in the emerging field of transparent electronics. [14, 15] 2. The concept of defect modulation doping The Fermi energy, EF, relative to a material's band structure defines the density of free charge carriers. In a semiconductor or insulator material, the number of free electrons or holes is given by the difference in energy of EF from conduction band minimum (ECBM) and valence band maximum (EVBM), respectively. The maximum density of free electrons in a material, and therefore the highest achievable Fermi level position EF,max, is limited by the formation of compensating acceptor-type defects, which will by nature trap free electrons and prohibit them from contributing to charge transport. The formation enthalpies of charged defects are a function of Fermi level position [16, 17] limiting the range of the Fermi energy to values where the defect formation enthalpies are positive. The total accessible range of Fermi level
is dictated by the specific formation enthalpies of intrinsic defects, as shown in Figure 1a . The resulting doping limits are typically aligned for similar materials, i.e. materials with the same crystal structure and iconicity. [1, [18] [19] [20] [21] While those doping limits are caused by intrinsic defects such as vacancies or interstitials, an alignment of defect energies is also observed for extrinsic defects such as hydrogen or transition metal impurities. [22] [23] [24] As is the case for the classical example of modulation doping, GaAs/Ga1-xAlxAs, most technologically relevant semiconductor interfaces are formed between similar materials, in order to minimize lattice mismatch. The Fermi level can therefore not be increased above or lowered below the doping limit by conventional modulation doping.
The defect modulation doping approach introduced in this work uses two dissimilar materials to circumvent the alignment of doping limits. The use of dissimilar materials removes the constraint of aligned doping limits, as depicted in Figure 1b . By aligning two dissimilar materials it is therefore, in principle, possible to obtain Fermi levels outside the doping limits in the host material. Such a situation can, from a thermodynamic point of view, only be achieved if defects in the host material cannot form spontaneously when the Fermi energy is raised during deposition of a modulation layer. Low processing temperatures are therefore required to realize defect modulation doping, in order to suppress the formation of compensating intrinsic defects. (b) Regardless of the band edge positions, the accessible Fermi level range is aligned on an absolute energy scale between similar materials, due to a similar defect chemistry that is largely determined by cation-anion binding energy and crystal structure. Between dissimilar materials, the accessible Fermi level ranges differ. (c) Interface formation between two dissimilar materials, before contact (left) and in contact (right). The pinned Fermi level position on the right side of the interface forces the Fermi level above EF,max in proximity of the interface in the material on the left side. This induces the filling of conduction band states in the interface-near region, effectively doping one material beyond its classical doping limit. This is a direct representation of the defect modulation doping effect that is the topic of this study.
Results and Discussion
We demonstrate the effect of defect modulation doping by depositing a defective and amorphous insulator material (Al2O3) [25] on top of a polycrystalline wide band gap, transparent oxide semiconductor (SnO2) in order to induce conduction electrons in the interface-near region of the latter. The modulation doping effect in SnO2 (tetragonal structure, band gap 3.6 eV, formation enthalpy -577 kJ/mol [26] ) is not achieved by the introduction of substitutional dopants, but instead by pinning of the Fermi level in the defective Al2O3, deposited at low process temperature, and at its interface to SnO2. It has been shown previously that by using atomic layer deposition (ALD), defective Al2O3 can be reproducibly synthesized with the Fermi level pinned 4.5 eV above the valence band maximum. [27] As the valence bands of SnO2 and Al2O3 are at similar energies, [28] it is expected that the Fermi energy is also 4.5 eV above the valence band maximum near the interface in SnO2. This is higher than what can be achieved by conventional doping. The modulation doping is enabled by the low processing temperature of the ALD process, which prevents the formation of compensating defects. [29] In situ X-ray photoelectron spectroscopy (XPS) measurements, comparing the Sn3d5/2 emission line of an unintentionally doped film before and after deposition of an Al2O3 modulation layer, are shown in Figure 2b . Al2O3 deposition results in a binding energy shift from 486.33 eV to 487.17 eV. This shift is accompanied by peak broadening, i.e. an increase of emission line FWHM from 1.23 eV to 1.55 eV. Both effects are related to an increased Fermi level position in the sampled SnO2 volume. More specifically, we can attribute the peak broadening in part by conduction-electron screening of the photohole, [30] as well as a downward band bending near the interface. [31] According to these effects the observed binding energy shift underestimates the actual change in Fermi level position at the interface. [33, 35] . The increase of the Fermi level position is furthermore verified by ultraviolet photoelectron spectroscopy (UPS), which is better suited than XPS for probing valence and conduction band emissions due to more favourable photoionisation cross sections. UPS is also the more surface sensitive of the two methods, allowing a more precise characterization of the interface-near region. Specifically, this makes it possible to visualise the filling of conduction band states upon modulation doping. [32] The filling of conduction band states is shown in the inset of Figure 2b . The two spectra closely resemble a comparison of unintentionally and of Sb-doped SnO2, [30, 33, 34] indicating that conduction band states are indeed retroactively filled in the SnO2 layer by the deposition of an Al2O3 layer. [33, 36] Once EF is above the conduction band minimum ECBM, however, core-level binding energy shifts will underestimate the actual Fermi level shift due to the aforementioned photohole screening effects. [30, 33] Photoemission data shows that the highest Sn3d5/2 binding energy observed so far in substitutionally doped SnO2 is 487.20 ± 0.05 eV, which relates to a Fermi level position at 0.65 eV above ECBM. [36] Figure 2a illustrates a significant increase in Sn3d5/2 binding energy after Al2O3 deposition for all samples, indicating that the Fermi level position can be pushed up to 0.8 eV or even higher into the conduction band. Electrical measurements further confirm the defect modulation doping mechanism. As only the interface-near region is affected by the discussed approach, the effect is more pronounced in very thin films. Electrical measurements of three unintentionally doped samples are presented in Table 1 . Samples were characterised as-deposited (subscript 'dep') and after modulation doping by deposition of an Al2O3 modulation layer (subscript 'md'). Electrical measurements were performed in vacuo (two point probe) in order to exclude the influence of an electron accumulation layer due to surface contamination, [26, 32, 37] as well as under ambient conditions (four point probe). For all samples, the in vacuo sample current was increased by several orders of magnitude after modulation layer deposition. The largest effect was found for sample III, with an increase of more than six orders of magnitude. Hall effect measurements in air confirm the defect modulation doping effect, furthermore providing information about charge carrier density n and mobility µ for samples with sufficient conductivity. The ex situ Hall effect conductivity increase found in sample III agrees with the in vacuo data. The lower increase of properties found in samples I and II when measured in air is attributed to the formation of an electron accumulation layer in air, [26, 37] which already increases the conductivity of the as-deposited samples.
A mobility increase of one order of magnitude is found for sample I and is attributed to a decreased grain boundary barrier height [38] in the interface-near volume, due to the significantly increased Fermi level position in that region. Charge carrier densities greater than 10 20 cm -3 are achieved. While these values do not per se prove that the material has been doped beyond the values achievable by substitutional doping, [36, [39] [40] [41] it has to be kept in mind that the employed measurement provides a value averaged across the film thickness and therefore must by nature severely underestimate the charge carrier density in the 2DEG at the interface. Control experiments were performed in order to minimize the possibility of data misinterpretation, i.e. the observed increased Fermi level position and film conductivity being caused by an effect other than the proposed defect modulation doping mechanism. Among the effects excluded based on these experiments are a chemical reduction of the SnO2 surface, an annealing effect during the Al2O3 deposition and an electron accumulation layer that is caused solely by sample exposure to water during the ALD process. The performed control experiments are discussed in more detail in the Supplementary Information. The defect modulation doping approach makes use of the Fermi level pinning on the Al2O3 side of the interface, which was found to be located around 4.5 eV above the valence band maximum (VBM) regardless of the employed substrate. [27] This pinning is, however, specific to the deposition process. A comparison with nominally identical interfaces using sputter-deposited Al2O3 films has revealed no comparable pinning level. [27] The pinned Fermi level in the ALD grown Al2O3 thin films could either be caused by hydrogen impurities, [22] which could be incorporated during the ALD process. Alternatively, native defects such as aluminium vacancies and interstitials can cause Fermi level pinning in Al2O3. [42] In the latter case, a variation of the oxygen chemical potential during Al2O3 deposition would allow for tuning of the Fermi level pinning position. Under strongly oxidizing conditions it could, in principle, also be used to achieve p-type modulation doping by lowering the Fermi level in the substrate. A band diagram of a 20 nm thick unintentionally doped SnO2 film, sputter-deposited in the presence of excess oxygen, before and after atomic layer deposition of a 1 nm Al2O3 modulation layer is shown in Figure 3 . This figure illustrates the specific result of this study on the defect modulation doping mechanism, which has been visualised in a generalized form in Figure 1c . Respective band gaps are 3.6 eV for SnO2 [43] and 7.0 eV for ALD-Al2O3. [44] After modulation doping, the precise Fermi level at the SnO2 interface is unknown. Based on photoelectron spectroscopy data, it can conservatively be estimated to be 0.8 eV above the SnO2 conduction band minimum at the interface with the Al2O3 modulation layer, but might very well be higher. This doping level is above the substitutional doping limit and is in good agreement with an Al2O3 Fermi level pinning at 4.5 eV above the valence band maximum and a negligible valence band offset at the SnO2/Al2O3 interface. [17, 28] 
Summary and Conclusion
In summary, the concept of defect modulation doping has been proposed and demonstrated in this work using photoelectron spectroscopy and electrical measurements on SnO2 thin films with ALD grown Al2O3 doping layers. In contrast to conventional modulation doping, the pinned Fermi level position of a defective insulator material is used to dope the interface-near region of a dissimilar semiconductor material. In principle, no substitutional dopant elements are required for this doping process. The presented data indicates that defect modulation doping can be used to circumvent traditional doping limits, additionally to increasing the carrier mobility by the spatial separation of dopants and transport channel, as in conventional modulation doping. Overcoming the doping limit is particularly facilitated by the possibility to use low processing temperatures. The approach also completely lifts the constraint regarding the crystalline structures and lattice constants of the materials combination. This fact, combined with the low cost of the employed materials, results in considerable potential in regard to widespread application in consumer level electronic devices. Highly conductive thin film stacks, especially if optically transparent, lead to a significant decrease of Ohmic losses in optoelectronic devices such as displays, LEDs and solar cells, and may therefore increase device efficiency. Defect modulation doping might also contribute to induced two-dimensional electron gases at SrTiO3/Al2O3 interfaces and for enhanced electrical properties in ZnO/Ga2O3 multilayers. [45] [46] [47] The doping mechanism in Aluminium doped Zinc Oxide, synthesized by ALD of ZnO with intermittent Al2O3 layers, could also be reasonably explained by the currently discussed findings. Defects also very likely contribute to the variety of phenomena observed at SrTiO3/LaAlO3 interface. [48, 49] The reported possibility to retroactively 'switch on' electronic transport in low-temperature deposited films presents a completely new approach to thin film doping, and might have major implications for the design and fabrication of optoelectronic devices, MOSFETs and transparent electronics. The combination of dissimilar materials, which could be suited for this approach is by nature manifold, compared to finding suited combinations of similar semiconductor materials. Applicability of this approach is in principle only limited by the possibility to control the Fermi Level position in the defective material, and producing an interface with a suitable band alignment to the doped material. The lack of need for epitaxial growth is another significant upside, compared to the classical modulation doping approach.
Experimental Section
All samples were deposited on 1x1 cm 2 fused silica substrates, which had been cleaned in an ultrasonic bath of acetone for 15 minutes. Tin oxide films were sputter-deposited from circular planar targets with 2 inch diameter and 3 mm thickness at 25 W sputtering power, at a pressure 5x10 -3 mbar. The target-substrate distance was 8.6 cm, resulting in a deposition rate of 5-10 nm/min, depending on the oxygen content in the process gas. For elevated temperature deposition, samples were heated during deposition by a halogen light bulb. All samples discussed in detail in this work were deposited at elevated oxygen flow ratios, providing excess oxygen during film growth, which is known to suppress the unintentional doping mechanism that is intrinsic to the material. Samples I and II were deposited from a ceramic SnO2 sputter target, the former at a substrate temperature Tsub = 600 °C and the second at room temperature. Sample III was deposited from a metallic tin target at room temperature. For atomic layer deposition of Aluminium oxide films water and trimethylamuminium (TMA) were used as precursors, in a continuously evacuated UHV chamber. During deposition, samples were heated to ∼200 °C by a halogen light bulb. Precursor introduction pulse lengths were 80 ms for TMA and 150 ms for water. Each precursor pulse was followed by 300 s pumping time. More details about the experimental setup used for Al deposition have been published by Bayer et al. [27] . In vacuo conductivity was measured in two-point geometry inside the UHV characterization chamber, in order to exclude the influence of an electron accumulation layer due to surface contamination [37] . Due to the possible influence of contact resistance, in vacuo conductivity data is only discussed in terms of sample current for an externally applied voltage of 10 V. Ohmic behaviour was confirmed by altering the voltage across 3 orders of magnitude, and reversing its sign. Hall effect measurements in van der Pauw geometry were performed in air, using a home-made electrical setup and a Lakeshore electromagnet. Magnetic field strength was 1.3 T. As-deposited data presented in Table 1 are based on control group samples without a modulation layer. Photoemission spectroscopy was performed using a Physical Electronics PHI 5700 multitechnique surface analysis system, using a monochromatized AlKα source for XPS, and a Helium discharge lamp for UPS measurements. The instrumental resolution, as determined from a room temperature measurement of the silver Fermi edge, is 374 meV for XPS and 104 meV for UPS. A number of experiments were performed in order to exclude all alternative explanations of the observed modification of SnO2 films upon deposition of a modulation layer, namely an increased electrical conductivity and a much higher Fermi level position. One alternative explanation would be a chemical reduction of the SnO2 surface in the process of Al2O3 deposition, leading to an intrinsic doping of tin oxide due to oxygen deficiency. This theory is strongly contradicted by a set of experiments using extrinsically doped SnO2 films. These films have a much higher carrier density and bulk Fermi level position than achievable by intrinsic doping mechanisms, yet the photoemission characterization of these films shows the same effect of a strongly increased surface Fermi level position after deposition of Al2O3. A reduction of the SnO2 surface is furthermore known to be clearly visible in XPS and UPS valence band spectra [1, 2] and is not observed after deposition of Al2O3 on an oxygen-rich SnO2 surface. Conversely, deposition of a modulation layer on an already strongly reduced SnO2 surface leads to the expected increase in Fermi level position, contradicting the theory of a doping effect induced by oxygen deficiency. In order to exclude the possibility of the atomic layer deposition process being in some way responsible for the observed doping mechanism, for example due to annealing, the exposure to water at elevated temperature, or the incorporation of carbohydrates at the interface, the stack geometry was reversed. In this experiment, SnO2 was deposited on ALD Al2O3. The film conductivity in this case was a factor 15 larger than that of a control film deposited in the absence of Al2O3. This experiment strongly suggests that formation of a SnO2-Al2O3 interface is indeed causing the doping mechanism. The relatively low increase in conductivity in this stack geometry is attributed to the detrimental influence of the sputter-deposition of oxides (caused by the formation of high energy negatively charged particles), damaging the doped interface. A further control experiment separately deals with the influx of heat and water during atomic layer deposition of Al2O3. To this end, the valve for TMA introduction into the chamber remained closed. The SnO2 film was still heated to the same temperature and exposed to water at the same intervals and for the same duration. This did not induce any change of sample conductivity in air, as opposed to the defect modulation doping approach. Preliminary experiments of Al2O3 deposition on a In2O3 film indicated that the modulation doping approach should be transferable to other oxides, resulting in a significantly increased Fermi level position at the inferface. This also indicates that specific properties of SnO2, such as the dual valency of the Sn cation, are not responsible for the observed effect.
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